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Abstract The reproductive processes of chondrichthyans
are complex. Knowledge of the development and matura-
tion of the oviducal gland is vital for understanding the
reproductive biology of a species. This study represents the
first contribution of this subject for skates. In the oviparous
thornback ray, Raja clavata, oviducal gland development
begins early in the developing stage with the formation of
gland tubules and the distinct lamellae of each zone: club,
papillary, baffle and terminal. Oviducal development is
complete by the end of the developing stage when the stor-
age and secretion of products is evident within the gland
tubules of each zone. Periodic acid-Schiff and alcian blue
histological staining showed that the secretory mucous cells
of the club and papillary zones produce neutral and sulfated
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acid mucins. The last row of gland tubules of the papillary
zone stains intensely for sulfated acid mucins. The baffle
zone, which is responsible for the production of the egg
capsule, represented 60—80% of the glandular zone of the
oviducal gland. Sperm bundles were observed in the deeper
recesses of the baffle zone during the maturation process,
and during capsule extrusion, sperm were detected near the
lumen. The terminal zone was composed of two types of
gland tubules: serous (producing protein fibres) and
mucous glands (producing sulfated acid mucins).

Keywords Maturation - Oviparous - Portugal - Rajidae -
Reproduction

Introduction

The class of chondrichthyan fish includes two subclasses,
the elasmobranchs (sharks, skates and rays) and the holo-
cephalans (chimaeras). In this class, there is a great diver-
sity of reproductive strategies including oviparity and
several types of viviparity, but all share internal fertilization
(Musick and Ellis 2005). Skates are oviparous and release
to the sea fertilized eggs enclosed in a hard egg covering, a
capsule (Musick and Ellis 2005). Embryonic development
takes place inside the capsule with expense of yolk
reserves. Depending on the species, the estimated incuba-
tion time lasts from 4.5 to 14 months, and for thornback
ray, Raja clavata, it is approximately 5 months (Clark
1922).

Capsule formation is a process that involves an impor-
tant organ of the female reproductive tract, the oviducal
gland (OG), which skates share with most chondrichthyans.
The OG is derived from the oviduct and anterior to the
uterus. The important physiological functions that the OG
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is responsible for are as follows: (1) the production of egg
investments; (2) the formation of the tertiary egg coverings,
including the hard egg capsule of oviparous species; (3) the
transport of fertilized eggs; and (4) sperm storage in some
species (Hamlett et al. 1998). Each of these functions is, in
general, attributed to one of the four zones of the OG.

The OG of most chondrichthyans shares the same inter-
nal organization. The oviparous small-spotted catshark,
Scyliorhinus canicula, was the first to be studied (e.g.
Threadgold 1957; Rusaouén 1976; Knight et al. 1993), and
most of the knowledge on the morphology and functional-
ity of the OG was recorded from this species. In general,
the OG is made from numerous simple gland tubules. In the
tubules, secretory cells produce and secrete the materials of
each zone, and these are transported through the tubules
and are extruded into the lumen via secretory ducts between
epithelial projections, lamellae, lining the gland lumen. The
terminology for the zonation of the OG adopted in this
work follows the one proposed by Hamlett et al. (1998).
According to these authors, there are four distinct zones,
named according to the shape of lamellae or position in the
OG, and from anterior to posterior are the club, papillary,
baffle and terminal zone. The club zone is characterized by
club-shaped lamellae, whereas the papillary zone has elon-
gate digit-shaped lamellae. The baffle zone refers to the
baffle plates of the spinneret region that are confluent with
the secretory ducts. These plates assist with the extrusion of
the capsule material into the transverse grooves that alter-
nate with flattened plateau projections, the lamellae. The
terminal zone is the most posterior zone of the gland. Ter-
minal refers to its end position, and it is characterized by
not having transverse grooves. The gland tubules are short
and simple and are composed of mucous, serous or a mix-
ture of the two types of cells (Hamlett et al. 1998, 2005).

The first step in the formation of the egg covering is the
enclosure of the fertilized egg inside an egg jelly layer
secreted by the club and papillary zones (Hamlett et al.
1998; Rusaouén 1976). In skates, the egg jelly leaves the
capsule after approximately one-third of its development
through the slits laterally located at each horn or tendril of
the egg capsule, opening the capsule to embryo-assisted
flow of sea water (Long and Koob 1997). The egg jelly
serves as a structural device to hydrodynamically support
the egg and the developing embryo, and not as a substantial
source of carbohydrate nutrition for early development
(Koob and Straus 1998). In addition, it is believed that the
egg jelly produced by the papillary zone functions as a
bonding layer and as a lubricant during encapsulation,
reducing the friction between the jelly and the forthcoming
capsule (Hamlett et al. 1998, 2005).

The baffle zone produces and secretes a complex mate-
rial, a network of fibres that forms the tertiary egg covering.
First, the proteins and enzymes enclosed in the tertiary egg
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covering formation are continuously produced and stored in
a prepolymerized condition as storage granules that are
involved by a membrane. These granules are located within
the secretory cells of the gland tubules. At the final stage of
the granules development, the membranes of the storage
granules coalesce with the membrane of the secretory cell
(at the apical surface). The granule contents are then
released to the lumen of gland tubules, through a merocrine
secretion process. Inside the lumen, the polymerization pro-
cess, triggered by an ionic change of the environment,
transforms the secreted material into coalescent strands
(fibrillogenesis). The material is transported to the spinneret
by ciliary action and secreted around the egg jelly surface
as parallel oriented fibrils closely packed together. During
the stabilization process, fibrils experience a progressive
decrease in thickness with water loss and consequent
increase in resistance, improving embryo’s protection
(Knight etal. 1993; Hamlett etal. 1998). The secreted
material consists of a sulphur-containing protein called pro-
keratine, which is chemically close to keratin (Rusaouén
1976). In some species of sharks, the egg covering also
contains collagen (Krishnan 1959). While in the uterus, the
egg covering undergoes a sclerotization by quinone tan-
ning, due to the presence of a phenolic protein (catechol) in
the uterus, and an oxidation of the cathecol to quinone by
the enzymes tyrosine hydroxylase and cathecol oxidase
(Koob and Cox 1990, 1993; Threadgold 1957). Egg capsule
morphology of oviparous chondrichthyans is species spe-
cific and offers an effective protection to the fertilized egg/
embryo due to extreme toughness and strength, flexibility,
moderate extensibility and high permeability to low molec-
ular weight substances and ions (Knight and Feng 1994a, b,
1996).

The terminal zone, the last zone of the OG, is responsi-
ble for the formation of surface hairs coated with mucous
secretions that cover the exterior of the capsule in some
oviparous species, like the holocephalan, Callorhynchus
milli (Smith et al. 2004), and the little skate, Raja erinacea
(Hamlett et al. 1998). When the oviparous egg capsule is
extruded to the environment, it becomes covered with
materials such as sand and other sea debris, due to the pres-
ence of the sticky hairs that serve as anchors and assist to
camouflage the egg capsule (Hamlett et al. 2005). The ter-
minal zone is also the site of sperm storage in some chon-
drichthyans (e.g. Fishelson and Baranes 1998; Hamlett
et al. 1998, 2005; Smith et al. 2004; Storrie et al. 2008).

No previous studies have described the structural devel-
opment of the skate OG, and only two researchers have
investigated the development and maturation of the chon-
drichthyan OG (Storrie 2004, Nalini 1940). The main aim
of the current study was to describe the processes underly-
ing OG development in an oviparous Rajid, from the begin-
ning of differentiation to the extrusion of the egg capsules.
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The nature of the secretions produced by the different gland
zones at the different maturity stages was identified through
histological staining techniques. The R. clavata is the most
abundant Rajid species in the NE Atlantic (Walker and
Hislop 1998); however, limited information is available
about the reproductive biology of this species (e.g. Holden
1975; Walker 1999). Consequently, R. clavata was selected
as a study species to better understand the process of OG
development in Rajids.

Materials and methods
Sampling

The thornback ray, Raja clavata, has been routinely
sampled since 2004 by the Portuguese Fisheries Institute
(IPIMAR), under the scope of the National Data Collection
Program (PNAB, DCR). From February 2004 to June 2008,
female R. clavata were collected from (1) IPIMAR bottom-
trawl research surveys carried out along the Portuguese
continental shelf and (2) landings of commercial artisanal
fleets operating with trammel nets, gillnets and longline,
along northern (Matosinhos) and central (Peniche)
Portugal.

For each specimen, the total length (TL) and disc width
(DW) were measured (mm). The total weight (TW) (g) was
recorded. The specimen was sexed, and a maturity stage
was assigned by applying the maturity scale proposed by
Serra-Pereira etal. (2010) for oviparous elasmobranchs
(Table 1). The oviducal glands (OG) of each specimen
were removed, measured in mm (width, height and thick-
ness; Fig. la), weighed (0.01 g) and preserved in 10%
buffered formaldehyde. The relationship between maturity
and morphometric characteristics of the OG was analysed
using ANOVA and Tukey’s HSD (honestly significant
difference) tests.

Histological procedures

The modifications in the histological structure of the OG
and the presence and nature of the secretions produced dur-
ing the development process were analysed using a selec-
tion of one OG per specimen, covering all the maturity
stages. Sagittal sections of about 3 mm thick were removed
from the middle of the OGs (Fig. 1b). The samples were
processed using an automated tissue processing machine
(Leica TP1020, Germany). The protocol consisted of (1)
dehydration through a series of alcohols from 70% to abso-
lute ethanol; (2) clearing with xylene; and (3) impregna-
tion and embedding in paraffin wax. Embedding of the
samples in paraffin wax blocks was made using the heated

paraffin embedding system (Leica EG 1140H, Germany).
The paraffin blocks were then sliced, in sagittal sections, at
3-5 pm of thickness, using a sliding microtome (Leica SM
2000 R, Germany) and a rotary microtome (Leica
RM2125RT, Germany). Different staining techniques were
tested to analyse the histological structure of the OG: (1)
haematoxylin and eosin (H&E), staining the nucleus black
and the cytoplasm pink and (2) Toluidine blue (TB), a
metachromatic dye with a blue nuclear counterstain. Addi-
tional staining procedures were used to investigate the
chemical nature of the secretions produced by the different
glandular zones: (1) periodic acid-Schiff (PAS), with and
without diastase, used to detect neutral mucins (PAS+
structures stained pink); (2) combined alcian blue and PAS
to detect sulfated acid and neutral mucins (PAS/AB)
(PAS+ structures stained pink, AB+ stained blue and
PAS+ AB+ stained in different intensities of purple); (3)
Van Gieson stain (VG) to detect collagen, stained in red.
Histological staining protocols used by Bancroft and Gam-
ble (2002) were followed, with some adaptations to
improve the results. These included: (a) in PAS and PAS/
AB staining techniques, sections were covered with
Schiff’s solution, for about 8—10 min, instead of 15 min,
since longer times caused background staining; (b) in PAS/
AB staining, after staining with AB, sections were covered
with 1% Periodic acid, for 3 min, instead of 5 min, with the
same results; and (c) in VG staining, sections were covered
in Van Gieson solution for 5 min instead of 3 min, for
more intense staining .

The histological slides were observed using a stereomi-
croscope (Olympus SZX9, USA) and an optic microscope
(Carl Zeiss Axioplan 2 imaging, Germany). The former
was used to observe the whole sagittal section of the gland,
and the latter was used to analyse the in situ gland structure
in more detail. Images were obtained using a Sony DFW-
SX910 camera and the imaging software TNPC 4.1 used
with the stereomicroscope and a Zeiss AxioCam MRc cam-
era and the imagining software AxioVision 4.1 used with
the optic microscope.

AxioVision 4.1 was used to collect the detailed measure-
ments of the OGs in different maturity stages in order to
evaluate the gland structures growth with maturity. The
thickness of the smooth muscular tissue layer surrounding
the OG was measured. The gland tubules growth was eval-
vated using gland tubules diameter and wall thickness
(from the lumen to the periphery) measurements. TNPC 4.1
was also used to measure several aspects of the OG in order
to evaluate the growth and the final area occupied by each
zone of the OG. For that purpose, the surface length or dis-
tance along the surface of the OG lumen lined with lamel-
lae and the area occupied by the gland tubules, in each
zone, were measured.

@ Springer



Helgol Mar Res (2011) 65:399-411

402

pajuasard are suondrrosep [eo130[03sTy pue drdoosoroeur Ylog

uauIn| 9y} 03 suonIdes Juronpoid snid)() “uswn| pue3 oy ur Judsaid os[e sUONAIIAG

SNISIN Y30q IO QuO Ur Juasaxd SyIep pue pauspiey ‘pawioj A[[ny 2q Jo
poonpoid oq 031 Sunaeis 9q Aew sofnsde)) "pue[3 [onprao
Q1) 0 JOU JO paydr)Ie pue snI1ein Yy ur juasaxd arnsded I3

*STRLI9IBW UOI}AIOS JO [[N) SO[nqn) pue[3 [eonpIaQ ‘AIeAo oy} ur Juasaid oq ued ‘pue[3 [eonprao 2y} ur Judsald oq Aewr 330 pay[oAk 931e] Surumeds
SQ[OI[[0F A10JR[NA0-1SOJ "AIBAO Q) UI PAAIISQO 9q Ued Sa5e)s [[e Ul S9[OI[[0] -aseyd ojqedeo Surumeds oy) 0y Je[Iwis pue[S [BONPIAO PUE SOLIBAQ K[PAnoy
uowIn| Ay} 0) suonaIdes Juronpoid spoj reurpmIsuor urmoys
‘pareurdeAur A[ys1y snioy) ‘pue[3 [BONPIAO Y} JO so[nqn} pue[s Ay} ul padofaaep A[[nJ snidin pue pue[3 [eonprAQ “ISJOWERIP Ul WW ()} 9[qedes
Juasaxd suoneIdag "AIRAO U} UI PAAISSqO 9 UBD $aSeIS [[B Ul SI[OI[[0] punoIe Yoral ued Jey) SO[II[[0J PY[OA aSIe] iIm SoLIBAO a8Ie] Surumedg
powoj A1o1e1dwod pue[3 [eonprao
‘W G ueyy SS9 JOJOWRIP YIM ()F 9A0GE A[UOWWOD)
SQ[OT[0F MO[[oA Jo Anuenb jea13 e Ym Areao :Surdojaaap 2y
POZLIB[NOSEA pUB PIJRUISBAUL QIOW SNId)() ‘puelS [eonprao Surdooaap ‘(s9[OI[[0] (€ MO[2q A[UOWWOD) WW § MO[oq
*SNIOIN pue pue[3 [BONPIAO Ay} ur uononpoid suonardss jo Suruuidog SQ[OI[[0F MO Yiim A1eAo ‘Surdojaaap-prpy ‘(Usurym) wioj oy Suruurdaq 1o
‘uoneINjeU ur dueApe Yy} uo Surpuadap ‘seuoz Junerdss Inoj ay) Jo JUSSQE [BONPIAO ‘WIW g UBY} SSI[ YIIM SI[OI[[0] ATYM A[UO [)Im AIeAO
UOTJBTUAIRIP YIIm ‘pauiof A[39[dwiod oq 1o uoneurioy saynqny puefs jo :8u1dojadap £}4p7 :paIapISu0d oq ued saseydqns 921y [, ‘snien pagieuy ‘pueld
SuruuiSeq oy A[uo moys ued pue[3 [eonpraQ “(WwW G| Uey) Io[[ews) [eonpiao Surdojoaa( “A1eAo oy Jo Jred JOLIQIUE Y} 0) PIIOLISAI SOWI)OUWIOS
SQ[OT[[0F OTuaZOo[[a1A pue oruaFo[ia-o1d ‘Arewrnid ‘Terprowrd s £1eaQ Quowrdo[oAdp JO SOTB)IS JUAIRJIP Ul SI[JI[[O] [[BWIS YIIM PIFIR[UD SOLIRAQ Surdoreasg
Juasald S[esSOA POO[q QWOS ‘SUONBUISEAUL QWIOS (1M
wniEylds reuwnjod ojdwiis £q poISA0D ‘ONSST) QANIOAUUOD Aq A[urewt
pasodwoo snieyn “eaursnqre eorun) pue wniEyIds [eurwIag ay) 03 pejoauuod SNISIN MOIIBU YI[-PEAIY) PUB PUB[S [BINPIAO JUISQY
(ww | 03 ¢°0) sopo1y[0} Arewnd pue (ww ¢() ueyy Jo[[ews) [erprowrid yym KreaQ 'SQ[OI[[0] UBLIBAO 9[qRYSINSUNSIPUN SNOdUSSOWOY pue YsnIym ‘[[eWls SOLIeAQ QInjewruy
[e2o130[0ISTH ordoosoroey sagels

(0102) 'Te 19 eI12194-B110S woij paldepe so[ewa) yourlqowse[d snorediao 10J o[eds AJLImeN | d[qel

pringer

As



Helgol Mar Res (2011) 65:399-411

403

Fig. 1 a Reproductive tract of a female Raja clavata at the actively
spawning stage. The measurements made on the OGs are represented:
w width, & height, ¢ thickness. b External anatomy of the OG at the
actively spawning stage. Anteriorly, the OG communicates with the
oviduct, while posteriorly it communicates with the uterus. The dotted
line in the centre indicates the position of sagittal sectioning. ¢ Sagittal
section of the OG at the actively spawning stage, showing the different
zones from anterior to posterior: club zone; papillary zone; baffle zone;

Results

A total of 142 female Raja clavata were used for studying
the development of the OG. The reduced number of
females with developed oviducal gland (OG) specimens
was due to an overrepresentation of immature females in
landings. The female reproductive tract in the spawning
stage of maturity is represented in Fig. la. At this stage, it
was possible to observe the two ovaries filled with large
yolked follicles. The OGs, located between the oviduct and
the uterus, were completely formed (40 mm width) at this
stage (Fig. 1b). They were composed of two identical bean-
shaped halves surrounding a flattened lumen. The succes-
sion of the different zones from the oviduct to the anterior
uterus was observed both in sagittal section (Fig. 1¢) and in
the frontal view, with the two halves of the OG separated
(Fig. 1d). Inside the uterus, two egg capsules were in devel-
opment, still flexible and without surface fibres. A fully
formed capsule of R. clavata is shown in Fig. le. The cap-
sule was rectangular in shape, dark brown in colouration
with two short horns on each distal extremity, and the dor-
sal and ventral surfaces were covered by a high density of
fibres. In most of the examples, these features made the egg
capsule opaque.

terminal zone. d Internal view of the two halves of the OG at the
actively spawning stage, displaying the different gland zones, from the
oviduct to the uterus: club zone; papillary zone; baffle zone; terminal
zone. e Dorsal view of an egg capsule, the surface of which is covered
with hairs. O ovary, F follicles, OG oviducal gland, C capsule,
U uterus, Ov oviduct, Cz club zone, Pz papillary zone, Bz baffle zone,
Tz terminal zone

Macroscopic development

The size of the OG increased with maturity (Fig. 2a—c). In
the immature stage, the OG was not differentiated, so no
measurements were taken. All the morphometric character-
istics (width, height and thickness) were demonstrated to be
statistically different between maturity stages (Table 2).
During the developing stage, the gland was visible and the
values of the three measurements were the lowest of all
maturity stages. Macroscopic development of the OG was
completed during the spawning stage, when the median val-
ues for width, height and wall thickness were the greatest.
Some overlap of OG measurement across stages occurred
because females of the same TL showed great variation in
OG size (Fig. 2d).

Microscopic structure

A total of 70 OGs from females at different stages of matu-
rity were selected for histological examination. Figure 3
presents the general appearance of OG during develop-
ment: (a) immature (Fig.3a); (b) early developing
(Fig. 3b); (c) mid-developing (Fig. 3c); and (d) spawning
capable (Fig. 3d).
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Fig. 2 Oviducal gland (OG)
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Table 2 Statistical results on the effect of maturity on the morpholog-
ical characteristics of the oviducal gland (width, height and thickness)

ANOVA Tukey’s HSD test

All 2vs. 3 2vs. 4 3vs. 4

n P-value n P-value n P-value n  P-value
Width 138 <0.01 104 <0.01 97 <001 75 0.01
Height 138 <0.01 104 <0.01 97 <0.01 75 <0.01
Thickness 102 <0.01 104 <0.01 97 <0.01 75 <0.01

Maturity stages: 2 developing, 3 spawning capable, 4 actively
spawning

In an immature stage, there was no visible differentiation
of the OG from the rest of the reproductive tract (Fig. 3a).
The region of the reproductive tract representing the OG
contained some lamellae and the lumen was lined by simple
columnar epithelium cells.

During the early part of the developing stage, early
developing stage, the OG was visible as an expansion of the
reproductive tract between the oviduct and uterus. Uniform
lamellae were observed along the entire section of the OG
(Fig. 3b). At this stage, the simple and unbranched gland
tubules have started to differentiate and this differentiation
began from the lumen and extended to the periphery of the
gland (Fig. 3c). The gland tubules were supported by loose
connective tissue that was reduced as the gland tubules pro-
liferated throughout the OG. In the developing stage, it was
possible to distinguish serous and mucous glands prior to
the differentiation of the distinct lamellae of each zone. In
cross section, the gland tubules had an average diameter of
5727 £11.55 um and an average wall thickness of
20.54 +4.89 pm (n =48). Near the gland tubules in the
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centre of the OG, where the baffle zone will be originated,
some homogeneous brown material accumulations were
sometimes visible (Figs. 4a, b). None of the staining tech-
niques used in this study produced a positive result to iden-
tify the brown material. At this stage, the smooth muscular
tissue layer surrounding the OG was thin and with a small
number of muscular fibres (496.42 £+ 39.61 um). Staining
with VG produced negative results, indicating that the OG
did not contain collagen.

In the late developing stage, the OG was fully differenti-
ated into four zones: club, papillary, baffle and terminal.
The zones were identified according to the shape of the
lamellae lining the lumen (first column in Fig. 5) and by the
distinct secretory tubules (general appearance in the second
column in Fig. 5 with cellular detail in the third column in
Fig. 5). The gland tubules have become large (average
diameter 74.89 & 7.11 um, n=50) and their walls thick
(average wall thickness 23.39 + 4.58 pum, n = 50). The club
zone had club-shaped lamellae (Fig. 5a). The surface epi-
thelium of the lamellae, similar in the four zones, was com-
posed of ciliated cells and secretory cells. Similarly, the
gland tubules (Fig. 5b) also contained two types of cells: (a)
sustentacular ciliated cells with elongated apical nuclei and
(b) secretory cells with, large, globular, basal nuclei
(Fig. 5¢). The papillary zone had digit-shaped lamellae
(Fig. 5d). Most of the gland tubules were very similar to the
ones in the club zone, with the exception of the caudal-most
papillary tubules, adjacent to the baffle zone, that were
more vacuolated (Fig. 5e). As in the club zone, the epithe-
lium of the tubules contained ciliated cells and secretory
cells (Fig. 5f). The baffle zone had two types of epithelial
projections: a pair of small folds in the spinneret region, the
baffle plates, surrounded by a pair of large folds and the
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Fig. 3 Sagittal sections of the
oviducal gland (OG) of Raja
clavata, at the different stages of
development. a Undifferentiated
OG in an immature female.
H&E. b Beginning of the devel-
opment of the OG in an early
developing female. H&E.

¢ Formation of lamellae, gland
tubules and differentiation of the
four distinct zones in a develop-
ing female. H&E. d Fully devel-
oped OG with full differentiation
of the four secretory zones in a
spawning capable female. PAS/
AB. CT connective tissue,

L lumen, Lm lamellae, Cz club
zone, Pz papillary zone, Bz baffle
zone, Tz terminal zone

Fig. 4 Brown material accumu-
lations. a Deep recesses of the
baffle zone in a developing
female. H&E. b Detail of the
brown material observed in the
baffle zone in a developing
female. H&E. ¢ Terminal zone
in an actively spawning female.
H&E. d Detail of the brown
material observed in the terminal
zone in an actively spawning
female. BM brown material, ST
secretory tubules, BV blood
vessel, ML muscle layer, CT
connective tissue, MST mucous
secretory tubule, SST serous
secretory tubule

plateau projections (Fig. 5g). A blood vessel was observed
within each plateau projection. For the baffle zone, the
number of transverse grooves ranged from 25 to 30, in each
half of the lumen (n =17). The epithelium of the gland
tubules was composed of secretory cells and ciliated cells
(Fig. 5h, i). The cytoplasm of the secretory cells was
packed with numerous secretory granules (Fig. 51). The ter-
minal zone (Fig. 5j) consisted of elongated gland tubules
and a regular surface epithelium with unequal spacing of

the secretory duct openings, without lamellae. Two types of
gland tubules were identified, those composed of serous
secretory cells (similar to those in the baffle zone) and those
composed of mucous secretory cells (frothy, vacuolated
cells) (Fig. 5k). Both types of gland tubules had an epithe-
lium lining the lumen, composed of ciliated cells and secre-
tory cells (Fig. 51).

In the spawning capable stage, the secretory tubules had
thicker walls (average wall thickness 24.31 £ 14.02 pm,
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Fig. 5 Differentiated zones of the oviducal gland in the late develop-
ing stage. H&E. a Club zone lamellae. b Club zone secretory tubules.
¢ Detail of a secretory tubule, in the club zone, with cilated and secre-
tory cells. d Papillary zone lamellae. e Papillary zone secretory
tubules. The caudal-most papillary tubules adjacent to the baffle zone
are distinct from the remaining tubules. f Detail of a secretory tubule,
in the papillary zone, with ciliated cells and secretory cells. Secretory
granules stored inside secretory cells. g Baffle zone lamellae. The
secretory ducts open into the lumen through the spinneret region, com-
posed of two baffle plates. The baffle plates are surrounded by another
pair of large folds, the plateau projections, lining the transverse groove.
h Baffle serous secretory tubules. i Detail of a secretory tubule, in the
baffle zone, with ciliated cells and secretory cells. Secretory cells

n =60) as a consequence of more secretions stored inside
their cells. The granules of the secretory cells of the club
zone stained PAS+ and AB+ (Fig. 6a, b). The secretory
tubules of the papillary zone produced three distinct types
of mucins as identified by their differential staining
(Fig. 6¢): (a) the majority of the tubules were PAS+ and
AB+ (Fig. 6d); (b) the region near the lumen was intensely
PAS+ (Fig. 6e), or PAS+ and AB+; and (c) the most-caudal
row of secretory tubules near the baffle zone were AB+
(Fig. 6f). The cells of the baffle zone did not react to any of
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contain secretory granules. j Structural organization of the terminal
zone displaying the regular surface epithelium and the elongated tubu-
lar glands opening into the lumen. k Terminal zone secretory tubules,
with both mucous and serous secretory cells. 1 Detail of the two types
of secretory tubules, in the terminal zone, mucous and serous. Both
tubules present ciliated cells and secretory cells. Secretory cells of
serous tubules present secretory granules. Lm lamellae, BV blood ves-
sel, ST secretory tubule, SD secretory duct, CT connective tissue, SC
secretory cell, CC ciliated cell, L Lumen, C cilia, CmST caudal-most
secretory tubules on papillary zone, SM secretory material, PP plateau
projection, 7G transverse groove, BP basal plate, S spinneret, SG
secretory granules, SST serous secretory tubules, MST mucous secre-
tory tubule

the special staining techniques tested in the present work
(Fig. 6g). In some spawning capable females, the secretory
tubules deep in the baffle zone (near the muscle tissue) con-
tained almost no secretory materials. In the terminal zone,
mucous glands were AB+ and serous glands were PAS—
and AB— (Fig. 6h, i). Secretions were also detected in the
lumen of the gland tubules in: (a) the papillary zone
(Fig. 7a); (b) the baffle zone, both in the gland tubules
(Fig. 7b) and in secretory ducts (Fig. 7¢); and (c) the termi-
nal zone (Fig. 7d).
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Fig. 6 Secretory material produced by the secretory tubules from the
four zones of the oviducal gland of a spawning capable/actively
spawning female. PAS/AB. a Club zone with PAS+ and AB+ secre-
tory material stored inside the tubules. b Secretory tubules of the club
zone with PAS+ and AB+ secretory material stored inside the secretory
cells. ¢ Structural organization of the different regions of the papillary
zone. d Secretory tubules of the papillary zone, containing PAS+ and
AB+ secretory material. e Papillary secretory tubules near the lumen
containing PAS+ secretory granules. f Caudal-most papillary tubules
containing AB+ secretory material. g Baffle zone secretory tubules

At spawning stage, the gland tubules attained the largest
average sizes in diameter 94.03 £ 14.02 pm and wall thick-
ness 43.43 +8.85um (n=30). The secretory tubule
lumens, closest to the lumen of the whole OG, were filled
with secretions in all four zones. In spawning females,
brown material accumulations were also observed, in the
baffle and terminal zones (Fig. 4c, d).

Presence of sperm

Sperm were observed inside the OG of 13 females, from
the developing to the actively spawning stage. Sperm were
observed as laterally aligned bundles in the deep recesses of
the baffle zone tubules, adjacent to the muscle layer, mainly
located in the anterior portion of the baffle zone (Fig. 8a, b).
These tubules containing sperm were composed of both
secretory and sustentacular ciliated cells. In the spawning
capable and actively spawning stages, non-aggregated indi-
vidual sperm were also observed inside the gland tubules
near the spinneret in the baffle zone (Fig. 8c, d).

PAS— and AB—. h Terminal zone mucous secretory tubules contain-
ing AB+ secretory material and serous secretory tubules PAS— and
AB—. i Mucous secretory tubules (terminal zone) containing AB+
secretory material stored inside secretory cells. CT connective tissue,
ST secretory tubules, Lm lamellae, Ov oviduct, SC secretory cell, CC
ciliated cell, L Lumen, STLm secretory tubules near the lamellae on
papillary zone, CmST caudal-most secretory tubules on papillary zone,
SM secretory material, PP plateau projection, 7G transverse groove,
BP basal plate, S spinneret, SST serous secretory tubules, MST mucous
secretory tubule

Histological measurements

The surface length and glandular area of each zone of the OG
increased in size with maturity (Fig. 9). The maximum sur-
face length occurred earlier than the associated glandular area,
which was attained only in the actively spawning stage. The
surface length of the club and papillary zones each repre-
sented about 12% of the total surface length of all lamellae
(Fig. 9a). The maximum surface length of the baffle zone was
found in the developing stage and represented about 35% of
the total surface length. Similarly, the terminal zone repre-
sented about 37% of the total surface length. When analysing
the glandular growth of the different maturity stages (Fig. 9b),
the baffle zone was most often the largest, occupying 60-80%
of the total glandular area. The club and papillary zones
together represented 10-20%. They were analysed together,
because of the difficulty in distinguishing the limits between
them. The terminal zone was the only glandular zone that
decreased in relative size with maturation, from 12 to 17% in
the developing stage to 5-7% in the extruding stage.
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Fig. 7 Secretory material accu-
mulated in the tubules lumen of
spawning capable females.

a Papillary zone containing
PAS+ secretory material. PAS/
AB. b Baffle zone tubular glands
containing egg capsule material.
H&E. ¢ Baffle zone secretory
ducts secreting the egg capsule
material to the gland lumen.
H&E. d Terminal zone secretory
ducts secreting the surface hairs
to the gland lumen. H&E. ST
secretory tubule, SM secretory
material, L Lumen, SD secretory
duct, CT connective tissue, EC
egg capsule, PP plateau projec-
tion, BP basal plate, SH surface
hair

Fig. 8 Sperm observed inside
the oviducal gland. H&E.

a Sperm bundles inside the
tubules of the baffle zone deep in
the oviducal gland, in the late
developing stage. b Detail of the
tubules containing sperm in the
deep recesses of the baffle zone
in the late developing stage.

¢ Non-aggregated individual
sperm inside the secretory ducts
of the baffle zone in spawning
capable females. d Detail of the
secretory duct containing sperm,
in the spawning capable stage.
ML muscle layer, BV blood
vessel, S sperm, ST secretory
tubules, L lumen, CT connective
tissue, SD secretory duct, BP
basal plate, PP plateau
projection

Discussion

The main morphology and functionality features of the ovi-
ducal gland (OG) are virtually identical between all chon-
drichthyans. Only numbfishes, a family (Narcinidae) of
electric rays from the order Torpediniformes, are reported
to lack this organ (Prasad 1945). Oviparous species have
the largest OGs in chondrichthyans (Hamlett et al. 2005).
The OG of Raja clavata is one of the biggest and is similar
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in size (at the actively spawning stage) to the OG from the
grey bambooshark, Chiloscyllium griseum (50 mm height
and 38 mm width; Nalini 1940), and the catshark, Scylio-
rhinus canicula (35 mm height and 20 mm width; Knight
et al. 1996). Within the Rajidae family, the OG is virtually
similar, although small histological differences could be
observed (Hamlett et al. 1998). Oviparous species have
species-specific egg capsules (i.e. different shape and size).
In the species that have egg capsules with surface hairs
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Fig. 9 Measurements of the different zones (C club, P papillary,
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ing). a Surface length (um). b Glandular area (um?). Boxes limit the
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(e.g. R. clavata, Raja erinacea and Raja eglanteria), the
terminal zone possesses both mucous and serous glands,
while the latter are absent from those species with smooth
egg capsules, like S. canicula (Knight et al. 1996; Hamlett
et al. 2005).

This study is the first to describe the OG development
throughout the reproductive maturation of skates. In devel-
oping R. clavata females, mucins were first visualized in
the club, papillary and terminal zones. Therefore, it could
be concluded that this stage is when the secretory cells of
the gland tubules start to produce secretion materials, since
prior to this stage (immature stage) no oviducal gland
development was even observed. In the spawning capable
stage, the secretory tubules enlarge as a result of the
increase in size and number of the secretory granules stored
inside the secretory cells. Later, the secretory material is
released into the lumen of the gland tubules and is trans-
ported through the tubules by ciliary action of the ciliated
cells in the tubule epithelium. The secretory material is
transformed from secretory granules into a coalescent
strand within the tubular lumen and is visible in every zone
of the R. clavata OG. When the coalescent strands pass
through the spinneret regions of the baffle zone, they
become ribbon like in form and are integrated in the net-
work of packed fibrils that will compose the future egg cap-
sule (Knight et al. 1993).

The chemical nature of the secretions produced by the
different gland zones was investigated using special histo-
logical staining techniques. The secretions of the club, pap-
illary and terminal zones all contained mucins. In spawning
capable females, the gland tubules from the club and papil-
lary zones were filled with neutral and sulfated acid mucins,
which stained positively with PAS and AB. In the papillary
zone, three distinct areas were identified: (a) one area
showed similar staining as the club zone, PAS+ and AB+,
and included the majority of the papillary gland tubules; (b)
another area close to the lamellae contained many neutral
mucins that stained intensely with PAS+, and (c) the third
area was located close to the junction with the baffle zone
and produced sulfated acid mucins that markedly stained
with AB+.

Most of the jelly produced by the papillary zone seemed
to have a final major input of neutral mucins by the second
type of gland tubules, which could influence the final vis-
cosity of the secreted product. In fact, according to Koob
and Straus (1998), the jellies produced by the club and pap-
illary zones showed different viscosities, the latter being
more viscous than the layer of jelly closest to the egg. The
differential viscosity resulted from a different chemical
composition, with higher concentrations of galactosamine,
glucosamine, galactose and fucose, and consequent higher
viscosity inside the horns (egg jelly produced by the papil-
lary zone), and lower concentration and lower viscosity
near the egg (egg jelly produced by the club zone). Future
studies need to focus on where and in what quantities each
of these four carbohydrates are produced in the club and
papillary zones, to fully understand the dynamic of the ovi-
ducal gland. In the papillary zone, the secretory material
produced in the last row of tubules showed a different
chemical composition (only sulphated acid mucins) from
the material produced in the remaining tubules. This feature
was already described to occur in oviparous species, like
C. griseum (Nalini 1940) and Callorhynchus milli (Smith
et al. 2004), and in viviparous species, like Mustelus antarticus
(Storrie 2004). It is believed that the thin layer of egg jelly,
produced by the caudal-most papillary tubules, functions as
a bonding layer and lubricant between the egg investments
secreted by the club and papillary zones, and the egg
envelop secreted by the baffle zone (Nalini 1940).

The larger number of transverse grooves in the baffle
zone provides for a thicker egg covering (Knight et al.
1993; Hamlett et al. 1998). In general, oviparous species,
like R. clavata (25-30 transverse grooves; present study),
C. griseum (74 transverse grooves; Nalini 1940) and
S. canicula (20 transverse grooves; Hamlett et al. 2005) have
more transverse grooves than viviparous species. In the
aplacental viviparous spiny dogfish, Squalus acanthias, the
baffle zone has considerably fewer transverse grooves
(number not provided by the authors), and consequently,
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the egg covering is reduced to a flexible egg candle that sur-
rounds the embryos and disappears prior to parturition. The
baffle zone is completely absent in the aplacental vivipa-
rous yellow spotted stingray, Urolophus jamaicensis, and
no egg covering is produced (Hamlett et al. 1998). Besides
the differences in structure, the secretory cells of chondri-
chthyan baffle zone may also produce secretory material
with different chemical compositions. In the present study,
the secretory material produced by the baffle zone was not
identified as one of the mucins tested in R. clavata OG. Yet
the observation of secretory cells with the cytoplasm
packed with numerous spherical granules about 1.22 pm in
diameter, which is characteristic of cells specializing in
protein secretion (Knight et al. 1993; Junqueira and Car-
neiro 1995), suggests that the secretions produced in the
baffle zone were proteins, as described for other species
(Knight et al. 1993; Koob and Cox 1993). Studies on the
OG of R. erinacea showed that the six major proteins, pres-
ent in the granules, all contain high levels of glycine, ser-
ine, proline and tyrosine (Koob and Cox 1993). The
application of Van Gieson stain showed further that the
granules were not composed of collagen. This constituent
was also absent in R. erinacea but present in the egg cover-
ing of oviparous sharks, such as S. canicula (Knight et al.
1993) and C. griseum (Krishnan 1959).

The chemical nature of the homogeneous brown material
observed in the baffle and terminal zones could not be iden-
tified. No positive results were obtained for each of tested
staining techniques. Despite being observed in a very early
stage of the gland development, the texture and colour of
these accumulations are similar to the tanned egg covering
(Koob and Cox 1990, 1993; Threadgold 1957). Egg enve-
lope material was observed emerging into the lumen from
the baffle zone tubules in M. antarticus (Storrie 2004).

Sperm storage in female chondrichthyans, particularly
sharks and holocephalans, has been largely confirmed by
histological analysis (e.g. in the Oman shark, lago omanen-
sis—Fishelson and Baranes 1998; in C. milli—Smith et al.
2004; in M. antarticus—Storrie et al. 2008). Sperm storage
occurs inside specialized tubules (sperm storage tubules)
located in the terminal zone. The secretory cells present in
the sperm storage tubules produced secretions that contrib-
uted to the support, nourishment and maintenance of the
sperm during the storage period (Hamlett et al. 2002; Stor-
rie 2004; Storrie et al. 2008). The tubules also contained
ciliated cells, which are responsible for the transport of
sperm into and out of the tubules.

In the case of Rajids, sperm has been histologically
detected as non-aggregated, individual sperm in the baffle
zone near the gland lumen and rarely in the deeper regions
of the gland of R. erinacea (Hamlett et al. 1998). Sperm
storage has been experimentally inferred through female
specimens of the blonde ray, Raja brachyura (Clark 1922)
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and of R. clavata (Ellis and Shackley 1995) kept in captivity.
In the two experiments, females were isolated from males
and were able to lay fertilized eggs after 5 (R. brachyura)
and 13 (R. clavata) weeks of isolation.

In the present study on the OG of R. clavata, small
groups of sperm were occasionally found in the tubules of
the baffle and terminal zones near the lamellae, and more
frequently, sperm bundles were observed in the tubules at
the deep recesses of the baffle zone. The presence of sperm
in the baffle zone of developing females indicates that mat-
ing occurs before maturity is reached, which was also
reported in other chondrichthyans (e.g. M. antarticus, Stor-
rie 2004; Storrie et al. 2008). The baffle tubules containing
sperm bundles, which is a sperm aggregation characteristic
of sperm storage tubules (Hamlett et al. 1998, 2002, 2005;
Storrie 2004; Storrie et al. 2008), have both secretory and
ciliated cells. In R. clavata, the secretory function may only
be related to egg capsule secretion rather than to sperm
maintenance because the tubules and secretory cells resem-
ble those in the entire baffle zone and were not surrounded
by highly vascularized connective tissue, a main sperm
storage tubule characteristics described in previous studies
(e.g. Hamlett et al. 2005; Storrie et al. 2008). Thus, the
sperm observed could be the result of a recent mating epi-
sode and not from sperm that was stored for an extended
period of time. Hence, further studies should be conducted
to widen the observations made in the present study on
R. clavata and to other Rajid species in order to investigate
the explanation for the sperm storage facts reported in pre-
vious studies that were based on pregnant captive females
(Clark 1922; Ellis and Shackley 1995).

In R. clavata, the terminal zone seems only to be respon-
sible for the formation of hair filaments on the surface of
the capsule and is not involved with sperm storage. As
observed, this zone is composed of mixed gland tubules
(two different types of gland tubules) that contain both
mucous and serous glands. First, the mucous section of the
tubules produces secretions, and then as the emerging hair
filaments, produced by the serous glands, pass through the
mucoid region, they gain a coat of sticky material that will
serve the purpose of attaching debris for camouflage (Ham-
lett et al. 2005). In aplacental species, the terminal zone is
only composed of mucous glands and SSTs (Hamlett et al.
1998). As described for other chondrichthyans (e.g. Smith
et al. 2004; Hamlett et al. 2005), the terminal zone is gener-
ally not organized into lamellae. Instead, it consists of iso-
lated, scattered tubules, which, in the case of species that
have egg capsules with surface hairs it determines the posi-
tioning of those hairs. In the case of the R. clavata that pro-
duces an egg capsule full of surface hairs, the terminal zone
is much extended in terms of its surface.

In conclusion, the formation of the egg capsule in
R. clavata is a continuous process involving the oviducal
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gland. Capsule formation starts at the developing stage,
when the OG becomes completely formed and all four
zones begin to produce and secrete the relevant materials.
The sperm, observed inside the tubules of the baffle zone
from developing to actively spawning females, was not
sperm storage. Some questions remain to be answered
about the chemical nature of the secretions produced by the
OG and need future investigation. Given the complexity
and variability of the reproductive strategies among chon-
drichthyans, it would be important to expand this histologi-
cal investigation to other species in order to better
understand their life cycles.
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